Abstract In this study, we cloned a full-length cDNA of heat shock protein (HSP) gene of Apolygus lucorum (Meyer-Dür) [AlHSP90, KC109781] and investigated its expression in response to temperature and pesticide stresses. The open reading frame (ORF) of AlHSP90 is 2,169 bp in length, encoding a 722 amino acid polypeptide with a predicted molecular weight of 82.99 kDa. Transcriptional and translational expression profiles of AlHSP90 under extreme temperature or pesticide stresses were examined by fluorescent realtime quantitative PCR and Western blot. Results showed that the expression profiles of AlHSP90 protein were in high agreement with those of AlHSP90 RNA and indicated that AlHSP90 was not only an important gene for A. lucorum adults in response to extremely high temperature, but also involved in the resistance or tolerance to cyhalothrin, imidacloprid, chlorpyrifos, and emamectin benzoate, especially for female adults to emamectin benzoate and for male adults to cyhalothrin. Transcriptional results of AlHSP90 also confirmed that AlHSP90 was an important gene involved in the resistance or tolerance to both temperature and pesticide stresses. In addition, our study also revealed that ∼24°C may be the suitable temperature range for A. lucorum survival, which is also confirmed by the results of the expression of AlHSP90, the nymph mortality, and the intrinsic rate of increase (r m ) when A. lucorum is reared at six different temperatures. Therefore, these studies are significant in elucidating the AlHSP90 in response to temperature and pesticide stresses and would provide guidance for A. lucorum management with different pesticides or temperatures in fields.
Introduction
Heat shock proteins (HSPs) belong to a protein superfamily and have been extensively studied in organisms (Feder and Hofmann 1999) . HSPs are rapidly synthesized in response to a series of environmental stressors . HSPs are classified into several gene families according to their respective molecular weights, such as sHSP, HSP40, HSP60, HSP70, HSP90, and HSP100 (Feder and Hofmann 1999; Li and Srivastava 2004) . Among all HSPs, HSP90 and HSP70 are the most conserved and abundant in cells and have thus been extensively studied (Taipale et al. 2010) .
As an important member of the HSP protein family, the HSP90 family contains three domains: an N-terminal ATPbinding domain (25 kDa), a central connecting domain (35 kDa), and a C-terminal dimerization domain (12 kDa), which forms constitutive homodimers (Minami et al. 1994; Nemoto et al. 1995; Young et al. 2001) . The HSP90 protein family comprises evolutionarily conserved abundant cytosolic proteins that have been involved in chaperone function, oncogenic transformation, cell cycle control, and antigen presentation. This family also functions in the structural folding and maintenance of the conformational integrity of various proteins, including several cellular signal transduction proteins (Csemely et al. 1998; Byrd et al. 1999; Graefe et al. 2002; Prodromou and Pearl 2003; Tsutsumi and Neckers 2007; Hao et al. 2010) . HSP90 is also required for normal spermatogenesis, oogenesis, and embryogenesis in Drosophila spp. (Yue et al. 1999; Song et al. 2007; Pisa et al. 2009 ). Recent studies have confirmed that HSP90 has been thought to have evolutionarily conserved functions that contribute to oogenesis and compound eye development in the red flour beetle Tribolium castaneum (Xu et al. 2010; Knorr and Vilcinskas 2011) . Furthermore, HSP90 messenger(m)RNA or protein have enhanced in response to heat shock (Sonoda et al. 2006; Benoit et al. 2009; Feng et al. 2010; Jiang et al. 2012; Wang et al. 2012; Li and Du 2013) , heavy metal pollution Shu et al. 2011; Wang et al. 2012) , diapause (Tachibana et al. 2005) , proteotoxic stresses (Jones et al. 2008) , starvation stresses , and pesticide stresses .
In the past decade, transgenic Bacillus thuringiensis (Bt) cotton has been effectively used to control the cotton bollworm Helicoverpa armigera (Hübner) in China . However, recent frequent outbreaks of the non-target pest Apolygus lucorum (Meyer-Dür) have been reported after the wide commercialization of Bt cotton in northern China (Li et al. 2011) . At present, A. lucorum is the dominant mirid species in cotton fields in China Lu and Wu 2008) , and calendar-based insecticide sprays were the sole management option for A. lucorum (Lu et al. 2007 ). We have previously studied the effects of different temperatures on A. lucorum development and reproduction. Results showed that the suitable temperature range for A. lucorum development and reproduction was ∼24°C . When A. lucorum nymph and adults were reared at 18 to 30°C, the total survival rate of nymphs and total fecundity of female adults were significantly lower than those at other temperatures. In addition, the life span of A. lucorum adults reared at 30°C is also significantly shorter than that at other temperatures , which indicated that A. lucorum reared at 30°C can face stronger temperature stresses than that at other temperatures within the range of 18 to 30°C.
HSP90 is an important gene for arthropods and is used for defense against heat shock Jiang et al. 2012; Wang et al. 2012; Li and Du 2013) and pesticide stresses . However, little is known about how HSP90 in A. lucorum responds to heat shock and pesticide stresses. Therefore, in this study we identified the full-length complementary(c)DNA of A. lucorum HSP90 (denoted as AlHSP90) and analyzed the expression pattern of AlHSP90 when A. lucorum were reared at six different temperatures. In addition, how regulated the expression of this gene of A. lucorum in response to heat shock and pesticide stresses and the transcriptional and translational expression profiles of AlHSP90 in A. lucorum under extreme temperature (4 and 40°C) or pesticide stresses were also examined by fluorescent real-time quantitative PCR and Western blot.
Materials and methods
Collection, culture, and treatment of A. lucorum under different temperatures A colony of A. lucorum was established from about 900 A. lucorum adults collected from the broad bean fields of Dafeng and Dongtai City, Jiangsu Province, China. The colony was reared on sautéed green beans in a light incubator at the temperatures of 25±1°C, RH 70±5 % humidity, and photoperiod 12:12 (L/D).
The tested temperatures were set up at 18, 21, 24, 27, 31, and 33°C, with 24°C as the control. More than 400 eggs of A. lucorum were then reared at each aforementioned temperature. The collected A. lucorum samples were separated into nymph and adult stages. The nymph stage was divided into first, second, third, fourth, or fifth instars stage. Each stage had five A. lucorum nymphs with five replicates. Thus, a total of 25 nymphs were sampled for each nymph stage at each temperature.
Female and male adults were identified and reared in insect-rearing boxes after A. lucorum emergence, respectively. The adult stage of females/males were categorized based on new emergence (1 day old), pre-mating (5 days old), and postmating (11 days old, a couple of male and female adult were placed in same insect-rearing boxes and obvious mating behaviors were observed). Each treatment sampled five female (male) A. lucorum adults with five replicates for a total of 25 female (male) adults were sampled at each stage or temperature. The total mortality rate of nymphs and the intrinsic rate of increase (r m ) values of adults reared at each aforementioned temperature were also analyzed (Table 1) according to the methods reported by Zhao et al. (2012) .
Furthermore, more than 120 2-day-old female (male) A. lucorum adults were treated at extreme temperatures (4 and 40°C) in insect-rearing boxes with sautéed green beans as host for 1 h. Same sample number of 2-day-old female (male) A. lucorum adults reared at 24°C were set as controls. Five female (male) A. lucorum adults were collected each time after treatment, and this collection was repeated 12 times for a total of 60 female (male) adults at each temperature. These treatments were replicated two times, one was for real-time PCR, and the other was for Western blot.
Bioassay and pesticide treatment
The topical treatment technique reported by FAO (1980) and Chen et al. (2000) was adopted for the toxicity bioassay of cyhalothrin, imidacloprid, chlorpyrifos, and emamectin benzoate. About 95 % cyhalothrin and 98 % imidacloprid active ingredient (AI) were provided by Jiangsu Rotam Crop Sciences Ltd., about 95.5 % emamectin benzoate (AI) was provided by Hebei Veyong Bio-Chemical Co. Ltd., and 97 % chlorpyrifos was provided by Hubei Xianlong Co. Ltd. Over 30 2-day-old A. lucorum female (male) adults used as test insects were paralyzed by placing on ice just before application of each species of pesticide treatment. Serial dilutions of each insecticide in acetone were prepared, and a droplet (0.25 μL) was dispensed onto the middle-abdomen notum of the adult using a hand microapplicator (Burkard Manufacturing, Rickmansworth, UK). Sixty female or male adults were treated at each concentration, respectively. The same batches of A. lucorum adults reared at 24°C and set as CK controls (Ct). And then, the same batches of Ct controls A. lucorum adults treated with acetone alone were set as Ac controls. A. lucorum adults that did not respond to stimulation from a writing brush were considered dead. Mortality was assessed 48 h after treatment. For bioassays, the LD 50 values and slope of concentration mortality for each assay were estimated by probit analysis (Finney 1971 ) using POLO-PC software (LeOra Software 1987). Significant differences of LD 50 values were determined by non-overlapping 95 % confidence limits.
For the expression profiles of AlHSP90 in A. lucorum induced by different pesticides with different doses, more than 30 2-day-old female (male) A. lucorum adults were treated with each aforementioned pesticide according to the log concentration probit (LCP) line. The LD 50 and LD 20 values of these pesticides were set as induction doses on A. lucorum adults, as shown in Table 2 . Mortality was assessed 48 h after treatment. Surviving A. lucorum adults after pesticide treatments, Ct controls and Ac controls were collected and stored at −80°C until use. These tests, in which A. lucorum adults were treated with each aforementioned pesticide (induction dose=LD 50 ), Ct controls and Ac controls, were also performed two times, one is for real-time PCR, and the other is for Western blot.
Similarly, the expression profiles of AlHSP90 in A. lucorum treated with both pesticide and temperature stresses were performed using the above methods, and except for A. lucorum that were treated with each aforementioned pesticide (induction dose=LD 50 ), Ct controls and Ac controls were then reared at 33°C.
Cloning and sequencing of AlHSP90
Four newly emerged A. lucorum adult samples were pulverized with a mortar and pestle. Total RNA was extracted using the TRIzol method (Invitrogen, San Diego, CA, USA) according to the manufacturer's instructions. Poly (A + ) RNA was then enriched from total RNA using a Qiagen mRNA Purification Kit (Qiagen, Valencia, CA, USA). Double-stranded cDNA was produced from approximately 2 μg of (A + ) RNA. The A. lucorum cDNA library was analyzed with cDNA from A. lucorum adults using an InFusion SMARTer ™ direction cDNA Library Construction Kit (Clontech, Palo Alto, CA, USA) according to the manufacturer's instructions. Subsequently, the cDNA library was ligated with a pSMART2IFD Linearized Vector (Clontech, Palo Alto, CA, USA). The constructed vector was transferred by electroporation into DH5α Escherichia coli cells (Invitrogen). Individual clones from A. lucorum newly emerged adult cDNA library were randomly collected and cultured on 96-well microtiter plates. The plasmids were used for PCR in 96-well PCR plates with forward and reverse ), incubated at 37°C overnight and then sequenced in Sangon Biotech (Shanghai) Co., Ltd. EST sequences were used to search for similar HSP90 peptide sequences in public databases using the BlastX search algorithm. Consequently, a 1,524-bp A. lucorum HSP90 gene (AlHSP90) fragment from 1 bp to 1,524 bp of this 2,548 bp gene was obtained.
To ensure base pair accuracy and completeness of AlHSP90, two pairs of gene-specific primers (GSPs) for rapid amplification of cDNA ends (RACE) and a SMARTer ™ RACE cDNA Amplification Kit (Clontech, Palo Alto, CA, USA) were used to obtain the full-length cDNA of AlHSP90. The 5′ and 3′ ends of AlHSP90 were obtained by RACE. Two 5′GSPs (5′GSP1: 5′-TGTTCAAGGGGAGATCTTCAGAGT CG-3′, 5′GSP2: 5′-GTCTTCAGCGAGTTCGTCGAAGAG TTCC-3′) and two 3′GSPs, (3′GSP1:5′-AAGACCAAGCCC ATCTGGACCAGGA-3′, 3′GSP2:5′-GAGGATGTCGGTGA GGATGAGGATGAAG-3′) were designed based on the partial sequence obtained by the cDNA library using Primer 5.0 software.
Bioinformatics analysis of AlHSP90
A sequence similarity search at both nucleotide and amino acid levels was performed with the BLAST program at the National Center for Biotechnology Information (http://www. ncbi.nlm.nih.gov/BLAST/). The inferred amino acid sequence was analyzed with the Expert Protein Analysis System (http://www.expasy.org/). Multiple alignments of AlHSP90 were performed with GeneDoc 3.2 software. A phylogenic tree was constructed by ClustalX 2.0 and MEGA 4.0 based on the obtained AlHSP90 sequences and other known insect HSP90 amino acid sequences. Bootstrap analysis was used with 1,000 replicates to estimate the confidence of branches produced by the neighbor-joining method.
Relative quantification of AlHSP90 mRNA expression by real-time quantitative RT-PCR after A. lucorum treated by different temperatures and pesticides Total RNA of A. lucorum samples treated with different temperatures or pesticides was extracted using the SV Total RNA Isolation System (Promega, Madison, WI, USA) according to the manufacturer's instructions. cDNA was synthesized using MMLV Reverse Transcriptase (Promega, Madison, WI, USA), treated with Ribonuclease H (TaKaRa, Tokyo, Japan), and quantified by spectrophotometry.
The primers used for real-time quantitative reverse transcription(RT)-PCR (SYBR Green I) were set from the full-length cDNA of AlHSP90 (GenBank accession no. KC109781). The primers used for AlHSP90 were 5′-ATCG CCCAGTTGATGTCCCT-3′ and 5′-CCTTGGTCATGCCA ATACCG-3′, with a 226-bp product. The A. lucorum housekeeping gene β-actin was used as an endogenous reference for data normalization (GenBank accession no. JN616391). The primers for β-actin were as follows: 5′-ACCTGTACGCCA ACACCGT-3′ and 5′-TGGAGAGAGAGGCGAGGAT-3′, with a 177-bp product. All EST-specific primers were designed by Primer 5.0 software. Melting curve analysis and gel electrophoresis showed that only the target gene was synthesized. Real-time fluorescence data of reactions containing SYBR Green I using SYBR Premix Ex Taq Kit (TaKaRa, Tokyo, Japan) were carried out using the Bio-rad iCycler realtime quantitative RT-PCR detection system, and values were determined using iCycler iQ real-time detection system software (version 3.0a; Bio-Rad). Real-time reactions of each treatment were replicated five times, and non-template control reactions were performed in triplicate for each primer pair.
To estimate the real-time quantitative RT-PCR amplification efficiency of primers, a standard curve of five dilution series (1×10 
Western blot
To identify AlHSP90 expression at protein level after extreme heat, cold, or different pesticide stresses, more than 30 of the 2-day-old female or male A. lucorum adults were selected to perform Western blot for each sample. And then, total proteins were extracted using a Tissue Protein Extraction Reagent Kit (Nanjing Zoonbio Tech, Co., Ltd.) according to the manufacturer's instructions. Total protein concentrations were determined using the bicinchoninic acid (BCA) method (Nanjing Zoonbio Tech, Co., Ltd.). Western blot analysis was performed according to studies by Song et al. (2012) with small modifications. Protein samples were electrophoresed on 10 % SDS-polyacrylamide gel and electroblotted to NC membrane (Bio-rad). Transfer was run at 100 mA for 3 h, using Tris/glycine buffer. Membranes were blocked with 5 % non-fat powdered milk in Tris-buffered saline containing 0.05 % Tween 20 (TBS-T) and incubated for 1 h at 37°C. The primary antibody against AlHSP90, which was produced from the cDNA of AlHSP90 ORF by Nanjing Zoonbio Tech, Co., Ltd., was used at 1:1,000 dilutions and incubated for 1 h at 37°C. The membrane was washed three times in TBS-T, 5 min each, and then incubated with HRP-conjugated goat anti-rabbit IgG secondary antibody (Nanjing Zoonbio Tech, Co., Ltd.) diluted 1:5,000 in blocking buffer for 1 h at 37°C. The membrane was washed three times with TBS-T, 5 min each, and then developed by using an enhanced Chemiluminescence Advance Kit (GE Healthcare). For each experiment, samples containing an equal amount of total protein were run on the same gel. Densitometric analysis of the immunoblots was performed using a desktop scanner (Hanwang E60) and Image J free software (http://rsb.info. nih.gov/ij/index.html). Furthermore, the Western blot for β-actin was also conducted with the above method at the same time, and mouse anti-β-actin antibody used for Western blots was purchased from Nanjing Zoonbio Tech, Co., Ltd. The optical density of immunoblots was determined by scanning densitometry, and the result was presented in densitometric units. Translation was calculated by dividing the normalized AlHSP90 density by the normalized β-actin density (AlHSP90/β-actin ratio) (Song et al. 2012 ). The Western blotting was replicated three times.
Results

Sequence and phylogenetic tree analyses of AlHSP90
By combining the SMARTer ™ cDNA library of A. lucorum with RACE approaches, two fragments corresponding to the 5′ and 3′ ends of AlHSP90 cDNA were amplified. Finally, a nucleotide sequence of 2,548 bp representing the complete cDNA sequence of AlHSP90 was obtained and deposited in GenBank (accession no. KC109781 , as well as a consensus sequence MEEVD at the C terminus that were highly conserved in the AlHSP90 sequence (Fig. 1) . Conserved domain analysis in GenBank revealed a typical histidine kinase-like ATPase domain at the amino acid positions of 35-184, which is ubiquitous in all HSP90 family members.
Multiple alignments of AlHSP90 with those of the other five arthropod species showed high conservation (Fig. 2) . Results indicated that in compared canonical signature sequences, fewer substitutions were observed in the signature sequences of these arthropods HSP90. Among the HSP90 proteins compared, the highest percentage identity of AlHSP90 was with HSP90 from Lygus hesperus (98 % identity). AlHSP90 and TcHSP90 also had a high sequence similarity of 80 %. The lowest percentage identity and similarity was those of Drosophila melanogaster HSP90 with TcHSP90 from Tetranychus cinnabarinus (77 % identity). The identity of HSP90 was high among arthropods, especially in the signature regions of the HSP90 family, which indicated that these HSP90 may have similar roles in these organisms. BLAST results from GenBank indicated a high percentage identity of AlHSP90 compared with other insect HSP90s, and the lowest percentage identity and similarity was that of AlHSP90s with HSP90 from D. melanogaster (81 % identity). A phylogenetic tree was constructed with ClustalX1.83 and MEGA 4 based on 31 HSP90s from six different insect orders (Fig. 3) . Results of the phylogenetic tree showed that 15 HSP90s belonged to Hemiptera, Hymenoptera, and Orthoptera insects located in a close branch, and the sequence similarity among these HSP90s was at least 85 %. Furthermore, the HSP90 from Spodoptera litura also shared high similarities with HSP90 from H. armigera (98 % identity). In addition, AlHSP90 and HSP90 from S. litura (H. armigera) also had a high sequence similarity of 86 %. HSP90s belonging to Diptera insects is located in the branch far from that of the other five insect orders. However, the sequence similarity among these 31 HSP90s was at least 80 %, which indicated that these HSP90 genes may be derived from the same ancestral gene.
Quantitative analysis of AlHSP90 of A. lucorum reared at different temperatures After A. lucorum nymphs and adults were reared at 18, 21, 24, 27, 30, and 33°C, the intrinsic rate of increase (r m ) of A. lucorum reared at 24°C was the highest among these six temperatures. The total nymph mortality of A. lucorum reared at 24°C was the lowest among these six temperatures (Table 1) . Except for A. lucorum nymphs at the fourth instar, the nymph mortality at the four other different stages (first, second, third, and fifth instars) reared at 24°C was also the lowest among the six temperatures (Fig. 4) . The nymph mortality at the fourth instar reared at 21°C was the lowest among six different temperatures (Fig. 4) . Furthermore, the total of A. lucorum nymph mortality reared at 33°C was the lowest among six different temperatures (Table 1) , and the total nymph mortality reared at 33°C reached to 52 %. In addition, the intrinsic rate of increase (r m ) of A. lucorum reared at 33°C was the lowest among six different temperatures (Fig. 4) . These results indicated that ∼24°C was the suitable temperature range for A. lucorum survival and development, while 33°C was the unsuitable temperature for A. lucorum survival and development.
Fluorescent real-time quantitative PCR was used to measure the mRNA expression level of AlHSP90 in A. lucorum when its nymphs and adults were reared at six different temperatures. Results indicated that the expression of AlHSP90 in the nymphs of first and fifth instars of A. lucorum reared at 24°C was significantly lower than that at other five different temperatures, and the expression of AlHSP90 in the nymphs of second, third, or fourth instars A. lucorum reared at 21 and 24°C was significantly lower than that at the other four different temperatures (p<0.01) (Fig. 4) . Furthermore, the expression of AlHSP90 can be also upregulated by both cold shock (18°C) and heat shock (30 and 33°C). However, the expression of AlHSP90 in the nymphs of first, second, and fourth instars nymphs reared at 33°C was significantly lower than that at 30°C (p<0.01) (Fig. 4) . In addition, results also indicated that the expression of AlHSP90 in female or male adults reared at 24°C was lower than at the other five different temperatures when these adults were at the newly emerged and pre-mating stage (p<0.01) (Fig. 5) . And then, the expression of AlHSP90 in female (or male) adults reared at 21 and 24°C was lower than that at the other four different temperatures when these adults were at post-mating stage (p<0.01) (Fig. 5) . Similarity, the expression of AlHSP90 in adults can be also upregulated by both cold shock (18°C) and heat shock (30 and 33°C) (Fig. 5) . However, the expression of AlHSP90 in female and male adults (post-mating stage) reared at 33°C was significantly lower than that at 30°C (p<0.01) (Fig. 4) .
These results also indicated that a lower stress from temperature was found in A. lucorum nymphs and adults that survived at ∼24°C deduced from the expression of the AlHSP90. In addition, the intrinsic rate of increase (r m ) of A. lucorum reared at 24°C was higher than that at other temperatures while the nymph mortality of A. lucorum reared at 24°C was lower than that at other temperatures ( Table 1 ), indicating that AlHSP90 was also an important gene for A. lucorum defense against temperature stresses.
Quantitative analysis of AlHSP90 expression when A. lucorum was subjected to extreme temperatures (4 and 40°C) When subjected to extreme temperatures (40 and 4°C), the AlHSP90 mRNA level in 2-day-old A. lucorum adults increased only after being induced at 40°C for 1 h compared with the corresponding controls reared at 24°C. The mRNA levels in females and males were 3.43-and 4.71-fold higher than those of the controls, respectively, and all differences were significant (p<0.01). After treatment at 4°C for 1 h, the mRNA levels in female and male adults were 0.89-and 0.96-fold lower than those of the controls, respectively, but all differences were not significant (p>0.05) (Fig. 6 ). Therefore, AlHSP90 was an important gene for A. lucorum adult in response to extremely high temperatures.
Bioassay and pesticide treatment
The LD 50 (LD 20 ) of emamectin benzoate and chlorpyrifos was much higher in female than that in male adults, and the LD 50 values of emamectin benzoate and chlorpyrifos in female adults were 0.0975 and 1.0954 (in nanograms/ individual), respectively, whereas those in male adults were 0.0757 and 0.5753 (in nanograms/individual), respectively. However, the LD 50 (LD 20 ) of cyhalothrin in male adults was much higher than that in female adults, and the LD 50 of cyhalothrin in male adults was 0.6900 (in nanograms/individual). By contrast, the LD 50 of cyhalothrin in female adults was 0.4969 (in nanograms/ individual). We also observed that the LD 50 (LD 20 ) of imidacloprid in female adults was similar to that in male adults (Table 2 ).
Quantitative analysis of AlHSP90 expression after A. lucorum treated with four different pesticides at 24°C
After treatment with cyhalothrin, imidacloprid, chlorpyrifos, and emamectin benzoate (induction doses=LD 50 and LD 20 ), the mortality rate of female and male adults reached 50 and 20 %, respectively (Fig. 7b, d ). In addition, the mortality rate in Ac controls was similar to that in Ct controls. After four different pesticides treatments at 24°C, results from the AlHSP90 mRNA levels of the surviving adults measured by real-time PCR indicated that the expression of AlHSP90 in female and male adults treated with four different pesticides (induction dose=LD 50 ) was significantly higher than that in the Ac controls, Ct controls, and adults treated with the corresponding pesticides (induction dose=LD 20 ; p<0.01) (Fig. 7a, c) . Furthermore, significant differences were not found between Ac controls and Ct controls (p > 0.05) (Fig. 7a, c) . After treating female adults with emamectin benzoate and chlorpyrifos (induction dose=LD 50 ), AlHSP90 expression was significantly higher than that with the other pesticide treatments, Ac controls and Ct controls (p<0.01). However, after treating female adults with imidacloprid (induction dose=LD 20 ), AlHSP90 expression was significantly lower than when other pesticide treatments were used (p<0.01), and significant differences were not found among imidacloprid treatment, Ac controls and Ct controls (p>0.05) (Fig. 7a) .
The expression trends of AlHSP90 in male adults treated with pesticides differed from those of female adults. After treating male adults with cyhalothrin (induction dose = LD 50 ), AlHSP90 expression was significantly higher than that with the other pesticide treatments, Ac controls and Ct controls (p<0.01). However, after treating male adults with emamectin benzoate and imidacloprid (induction dose= LD 20 ), AlHSP90 expression was significantly lower than that with the other pesticide treatments (p<0.01), and significant differences were not found among the imidacloprid treatments, emamectin benzoate treatments, Ac control and Ct control (p>0.05) (Fig. 7c) . Similar results showed that AlHSP90 was an important gene for A. lucorum to protect itself from harmful pesticides, and AlHSP90 expression increased with an increase of mounds of pesticide AI. Also, in coping with the same pesticide stress, the difference of the expression trends of AlHSP90 revealed that AlHSP90 may play different roles in female and male adults.
Quantitative analysis of AlHSP90 expression after treating A. lucorum both with 4 pesticides and heat stresses (33°C) After treatment with cyhalothrin, imidacloprid, chlorpyrifos, and emamectin benzoate (induction doses=LD 50 ) at 33°C, the AlHSP90 mRNA levels in the surviving adults were also measured by fluorescent real-time quantitative PCR. Results indicated that AlHSP90 expressions in female and male adults treated with these four pesticides (induction dose=LD 50 ) at 33°C were all significantly higher than that at 24°C and those of the four species controls (Ac, Ac-t, Ct, and Ct-t) (p<0.01) (Fig. 8) . Furthermore, after treatment with acetone alone at 33°C (Ac-t) and 24°C (Ac), the AlHSP90 mRNA levels in female and male adults at 33°C (Ac-t) were all significantly higher than those at 24°C (Ac) and Ct control A. lucorum adults (p<0.01) (Fig. 8) . In addition, the AlHSP90 mRNA levels in female and male adult controls at 33°C (Ct-t) were all significantly higher than those at 24°C (Ct) in A. lucorum adults (p<0.01) (Fig. 8) . However, significant differences were not found between Ac and Ct controls (p>0.05). In addition, significant differences were also not found between Ac-t and Ct-t controls (p>0.05) (Fig. 8) . These results indicated that AlHSP90 mRNA in A. lucorum adults subjected to both temperature (33°C) and the aforementioned four pesticide stresses increased significantly than in those treated with a single stress from heat shock or pesticide treatments (p<0.01). These results also confirmed that AlHSP90 is an important gene for A. lucorum defense against both temperature and pesticide stresses.
Western blot analysis of AlHSP90 protein expression after A. lucorum treated with four different pesticides or extreme temperatures (4 and 40°C)
Western blot results showed that the expression profiles of AlHSP90 protein were in high agreement with those of Fig. 4 Comparative quantitative RT-PCR analysis of the relative expression of AlHSP90 and analysis of nymph's mortality after culturing A. lucorum nymphs at different temperatures. a Relative AlHSP90 mRNA expression of A. lucorum nymphs (first to fifth instars) reared at six different temperatures. b The mortality rate of A. lucorum nymphs (first to fifth instars) reared at six different temperatures. A. lucorum insects reared at 24°C were set up as controls. Different letters above each bar indicate statistical difference with a statistical analysis system (SAS) followed by Duncan's multiple comparison test (p<0.01) AlHSP90 RNA after 2-day-old A. lucorum adults treated with four different pesticides or extreme temperatures (4 and 40°C). Results indicated that the expression profiles of AlHSP90 protein in A. lucorum adults treated with extreme high temperature (40°C) were significantly higher than those in Ct controls (p<0.01). However, the expression profiles of AlHSP90 protein treated by extreme low temperature (4°C) were significantly lower than those in Ct controls (p<0.01) (Fig. 9) . Treated by cyhalothrin, imidacloprid, chlorpyrifos, or emamectin benzoate, the expression of AlHSP90 protein was significantly upregulated when compared with Ct and Ac controls (p<0.01) (Fig. 9) , indicating AlHSP90 was very important for A. lucorum defense against aforementioned four pesticides. The expression profiles of AlHSP90 protein in female adults treated with cyhalothrin, chlorpyrifos, and emamectin benzoate (induction dose=LD 50 ) and in male adults treated with cyhalothrin (induction dose=LD 50 ) were significantly higher than those with other treatments (p<0.01) (Fig. 9) . Furthermore, the expression profiles of AlHSP90 protein in female/male adults treated with each of four different pesticides were all significantly higher than those in the Ct control (p<0.01) (Fig. 9 ).
Discussion
The HSP90 family plays an important role in the environmental adaptation of various organisms Jiang et al. 2012) . To explore the response of HSP90 to thermal and pesticide stresses in A. lucorum, full-length cDNA AlHSP90 genes were cloned by cDNA library and RACE. Conserved sequences and characteristic motifs such as HSP90 family signatures and histidine kinase (from 35 to 184 amino acid residues) (Gupta 1995) were found, as well as the major structural and functional domains typical in HSP90 (Buchner 1999; Caplan 1999) in the inferred AlHSP90 protein sequence. Several special motifs were also found, including the EEVD tetrapeptide located at the C termini of AlHSP90, which may form a structure involved in mediating cofactor binding (Fuertesa et al. 2004) . Furthermore, the presence of motif MEEVD at the C terminus is a characteristic shared by all eukaryotic HSP90 proteins .
As members of the HSP gene family, the deduced amino acid sequences of insect HSP90 genes were highly conserved compared with other insects (84.8-96.0) (Jiang et al. 2012) , which is also demonstrated in our study based on the results of sequence alignment, phylogenetic analysis, and sequence similarity analysis. Our study showed that the deduced amino acid sequence of AlHSP90 shared high similarities with other known HSP90s in insects and T. cinnabarinus, especially with HSP90 from L. hesperus Knight (98 % identity). Previous studies and our results suggested that these arthropod HSP90 Fig. 6 Comparative quantitative RT-PCR analysis of the relative expression of AlHSP90 after subjecting 2-day-old female and male A. lucorum adults to extreme temperatures (4 and 40°C). The same batches of 2-dayold female (male) A. lucorum adults reared at 24°C were set up as controls. Different letters above each bar indicate statistical difference with a statistical analysis system (SAS) followed by Duncan's multiple comparison test (p<0.01) Fig. 5 Comparative quantitative RT-PCR analysis of the relative expression of AlHSP90 after A. lucorum female (male) adults cultured at different temperatures. a Relative AlHSP90 mRNA expression of female A. lucorum adults (new emergence, pre-mating, and post-mating stages) reared at six different temperatures. b Relative AlHSP90 mRNA expression of male A. lucorum adults (new emergence, pre-mating, and post-mating stages) reared at six different temperatures; A. lucorum insects reared at 24°C were set up as controls. Different letters above each bar indicate statistical difference with a statistical analysis system (SAS) followed by Duncan's multiple comparison test (p<0.01) genes may be derived from the same ancestral gene, and then diverged through different natural selection pressures.
Similar to A. lucorum, the tarnished plant bug L. hesperus, which also belongs to the family Miridae, is a multiple-host pest that destroys vegetables, cotton, and alfalfa, thereby causing considerable economic losses (Wright et al. 2006) . With the exception of related species, given the similar variety of hosts, the selection pressures of A. lucorum may be similar to that of L. hesperus which resulted in the high similarity of these two HSP90s. In addition, AlHSP90 also shared high similarities with HSP90 from H. armigera and S. litura (Lepidoptera: Noctuidae) (86 % identity). However, these two insects show a different reaction to Bt cottons. A recent study shows that Bt toxin was not effective against later instar larvae of S. litura (Govindan et al. 2012) while H. armigera is sensitive to Bt cottons ). In addition, HSP90 from H. armigera also shared high similarities with HSP90 from S. litura (98 % identity). Therefore, these results indicated that the high or low of HSP90 identity among these cotton pests mainly depends on the related species, but not on insensitivity or sensitivity to Bt cottons.
A. lucorum is the dominant mirid species in various crops in China , and temperature is the key limiting factor affecting A. lucorum growth development and population increase (Men et al. 2008; Zhao et al. 2012) . When A. lucorum was reared at 17 to 29°C, an average of ∼23°C was the most favorable temperature for an increase of A. lucorum population; nevertheless, a temperature of 17 to 29°C was not favorable for an increase in the A. lucorum population (Men et al. 2008) . Therefore, previous studies by Men et al. (2008) and Zhao et al. (2012) have indicated that ∼24°C was the best temperature for A. lucorum development, and that A. lucorum may suffer the lowest temperature stress (Men et al. 2008; Zhao et al. 2012) . In this study, our nymph mortality and r m results also confirmed that 24°C may be the most suitable temperature for A. lucorum Fig. 8 Comparative quantitative RT-PCR analysis of the relative expression of AlHSP90 after treating 2-day-old female (male) A. lucorum adults with four different pesticides and heat shock (33°C). Eb, Cy, Ch, and Im are 2-day-old A. lucorum adults treated with cyhalothrin, imidacloprid, chlorpyrifos, and emamectin benzoate (induction dose=LD 50 ); Eb-t, Cyt, Ch-t, and Im-t are the 2-day-old A. lucorum adults treated with four different pesticides (cyhalothrin, imidacloprid, chlorpyrifos, and emamectin benzoate (induction dose=LD 50 )) and heat shock (33°C) at the same time. Ct are the same batches of A. lucorum adults reared at 24°C, set up as the controls; Ct-t are the Ct control A. lucorum adults treated with heat shock (33°C). Ac are the Ct control A. lucorum adults treated with acetone; Ac-t are the Ct control A. lucorum adults treated with both acetone and heat shock (33°C) at the same time. Different letters above each bar indicate statistical difference with a statistical analysis system (SAS) followed by Duncan's multiple comparison test (p<0.01) Fig. 9 Western blot showing expression profiles of AlHSP90 protein induced by extreme temperatures (40 and 4°C) and four different pesticides in 2-day-old female (male) adults of A. lucorum. Cy, Eb, Ch, and Im are 2-day-old A. lucorum adults treated with cyhalothrin, imidacloprid, chlorpyrifos, and emamectin benzoate (induction dose=LD 50 ); Ac, Eh, and El are 2-day-old A. lucorum adults treated with acetone, extreme high temperature (40°C), and extreme low temperature (4°C); Ct are the same batches of 2-day-old A. lucorum adults reared at 24°C, set up as control. Different letters above each bar indicate statistical difference with a statistical analysis system (SAS) followed by Duncan's multiple comparison test (p<0.01) development, and that <18 or >30°C were unsuitable temperature ranges for A. lucorum survival. Furthermore, the expression pattern of AlHSP90 when A. lucorum was reared at different temperatures from 18 to 33°C indicated that A. lucorum reared at 24°C suffered the lowest temperature stress, whereas those reared at <18 or >30°C suffered a higher temperature stress than at any other temperature. Therefore, AlHSP90 may be an important gene for the adaptation of A. lucorum to unsuitable temperatures.
When A. lucorum nymphs were reared at 33°C continuously, the total nymph mortality was more than that at five other different temperatures, and the mortality rate was up to 52 %. Furthermore, the r m of A. lucorum was also much lower than that at four other different temperatures (21, 24, 27, and 30°C) and was only up to 0.0486. These results indicated that a continuous temperature of 33°C was highly unsuitable for A. lucorum survival, and they suffered more temperature stresses than that at 30°C. Therefore, consistent high temperature stress at 33°C could make female and male adults much less healthy than those living at 30°C. So, the expression of some genes in A. lucorum reared at 33°C seem to be confused, such as AlHSP90, AlSP3, and AlSP4 (AlSP3 and AlSP4 were important serine proteases for A. lucorum, and these results will be published in another journal). Consequently, the expression of AlHSP90 in A. lucorum adults (female at all adult stages, male at post-mating stage) reared at 33°C is much lower than that at 30°C.
Although heat shock was the first stress to induce the synthesis of HSP90, extreme heat and cold shock also regulated the expression of these proteins . In this study, after A. lucorum was subjected to extreme heat (40°C) for 1 h, AlHSP90 expression in A. lucorum significantly increased compared with that of the 24°C control (p<0.01). In addition, the translational expression profiles of AlHSP90 in A. lucorum at extreme high temperature (40°C) were also in high agreement with those of AlHSP90 transcriptional expression profiles. These results were similar to that of TcHSP90 in T. cinnabarinus treated at 40°C for 1 h , indicating that AlHSP90 was an important gene for A. lucorum in response to extreme heat shock. Previous studies on insects have shown that the expression of HSP90, HSP70, HSP40, and some sHSPs gene can be upregulated by cold shock and even induced by cold shock for 1 h (Goto et al. 1998; Huang and Kang 2007; Huang et al. 2009 ). However, after A. lucorum was subjected to an extremely low temperature (4°C) for 1 h, AlHSP90 gene and protein expressions insignificantly increased compared with that of the 24°C controls. This result was similar to that of HSP90 gene in Liriomyza huidobrensis and Liriomyza sativae treated at 4°C for 1 h (Huang and Kang 2007) . However, TcHSP90 expression in T. cinnabarinus treated at 4°C for 1 h was significantly enhanced compared with the control . The expression of HSP90 in L. huidobrensis and L. sativae also significantly increased compared with the controls after treatment at −12.5 and −10°C, respectively (Huang and Kang 2007) . After exposing Drosophila trapezifrons to 0°C for 12 h and 6°C for 24 h, about 40 % of the individuals died; the former treatment induced HSP70 mRNA expression but the latter one did not (Goto et al. 1998) . Consequently, the induction temperatures and times of cold shock were also important factors affecting the expression of HSPs in insects. Therefore, the relationship of AlHSP90 expression with cold shock as affected by different temperatures and treatment durations needs to be studied in detail.
After female (male) A. lucorum adults were treated with each of four different pesticides (induction dose=LD 50 ), the translational profiles of AlHSP90 indicated that the expression of AlHSP90 protein in female adults treated with cyhalothrin and emamectin benzoate (induction dose=LD 50 ) and in male adults treated with cyhalothrin (induction dose=LD 50 ) were significantly higher than that with other treatments (p<0.01). In addition, transcriptional expression profile results also indicated that the expression of AlHSP90 in female adults treated with chlorpyrifos and emamectin benzoate (induction dose=LD 50 ) and in male adults treated with cyhalothrin (induction dose=LD 50 ) were higher than that with other treatments. These results indicated that AlHSP90 may be involved in the resistance or tolerance to cyhalothrin, imidacloprid, chlorpyrifos, and emamectin benzoate for A. lucorum adults, especially for female adults to emamectin benzoate and for male adults to cyhalothrin.
Previous studies have suggested that organisms can survive under the cross-protection of different stresses: one type of resistance can be induced by another type , such as the sublethal concentration of propoxur that induces the resistance of Anopheles stephensi and Aedes aegypti to a higher temperature, whereas several hours of heat shock can protect these two insects from pesticides (Patil et al. 1996) . Feng et al. (2010) also reported that TcHSP90 may be involved in the cross-protection of temperature and emamectin benzoate stresses in T. cinnabarinus . A. lucorum is an important pest of Bt cottons, and calendar-based insecticide sprays are presently the sole management option for A. lucorum (Lu et al. 2007) . In this study, transcriptional and translational results of AlHSP90 indicated that AlHSP90 is an important gene for A. lucorum defense against both temperature and pesticide stresses. Therefore, there seem to be some relationship between temperature and pesticides in A. lucorum by AlHSP90, which requires further study in the future. Overall, our results not only confirmed that AlHSP90 is an important gene for A. lucorum to defend against both temperature and pesticide stresses, but also confirmed that ∼24°C was the most favorable temperature for A. lucorum development and the temperature at which it suffered the lowest temperature stress, which could provide guidance for A. lucorum management using different pesticides or temperatures in crops.
